The dynamic instability of machine tools arises out of any mismatch during machining. The vibration free performance of machine tools produces jobs with higher accuracy. Hence to achieve accuracy it is necessary to analyze the modal characteristics of the machine tool structures. In the present study HMT Knee-type (horizontal) milling machines with straight and taper columns and with variable wall thicknesses have been analyzed using Finite-element method. The modal characteristics of the milling machines give useful information about failure study and design modification of both straight and taper column type milling machines. Relative merits and demerits of two different types of such machines with variable wall thicknesses could be estimated from such a study.
INTRODUCTION
One of the main and challenging problems of present day machine tool engineering is the development of machine tools with high vibration-proof quality. The vibration-free performance of machine tools produces jobs with higher finish and accuracy. Machine tool structural analysis forms an important part in the design of machine tools. Tapers, openings and stiffeners, which are some of the features of machine tool structures, make the analysis complex Research in the machine tool industry has concentrated on many aspects of machine dynamics in the past few years. These studies have considered the dynamic behavior of individual elements of the machines, e.g. the machine tool structure, the gear trains of the drive system etc. The dynamic analysis of these machine tool structures is important and useful in many respects. 315 Vol. 12, No. 5, 2001 Computer
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There has been relatively little research on the analysis of modal response of machine tool structures using Finite Element Method (FEM). One such work has been carried out by Taylor and Tobias /1 / to predict the vibration characteristics of machine tool structures. Other works on the machine tool structure were carried out by Taylor The damped and undamped modal analysis of knee-type (horizontal) milling machines and the comparative study of the dynamic behavior of taper and straight column type of such milling machines with variable wall thickness (t) has so far not been focussed. These machine tools use multiple-tooth cutters and hence are most difficult to design from the point of view of dynamic behaviour. So, here efforts are made to approximate the design using results obtained from the modal analysis.
F.E.M IN MACHINE DYNAMICS

Modal Analysis
Machine tool structures have as a rule, a highly complicated profile. The structure is therefore first simplified by making assumptions, which however should not distort the actual picture.
The modal characteristics of the machine tool structures can be analyzed without much simplification with the help of FEM. From the design stand point the natural frequencies of vibration should be well separated from the frequencies of excitation applied to the structure. If the excitation frequency is less than one third of the structure's lowest natural frequency, then the effect of inertia can be neglected. However, inertia becomes important if excitation frequencies are higher than the frequencies mentioned above. In the dynamic analysis using F.E.M element mass matrix of the structure accounts for inertia and is a discrete representation of the continuous distribution of mass in a structure.
Mathematical Formulation
Equations that govern the dynamic response of a structure or medium will be derived by considering the work of external forces absorbed by the work of internal, inertial and viscous forces, for any small kinematically admissible motion. where the element mass and damping matrices are defined as,
and the element internal force and external load vector are defined as,
for the assembled structure,
In finite-element analysis, use of both consistent and lump mass matrix is very common. Analysis using consistent mass matrix gives more accurate results compared to lump mass formulation, but lump matrices are simpler to form and take little storage space. In the present study consistent mass matrix formulation has been used.
Isoparametric elements are useful in modeling structures with curved edges and in grading a mesh from coarse to fine. The stiffness and mass matrices are generated from the 2-D four noded isoparametric finite elements. The formulation of these matrices is available in any standard book on FEM 191.
Damping in Machine Tool Structure
Damping in machine tool structures is due to mechanisms such as hysteresis in the material and slip in connection. The actual damping mechanism is usually approximated by viscous damping in machine tool structures. The damping ratio ξ depends on the material and the stress level. In bolted or riveted steel structures ξ has the approximate range of 2 -15%. 
ANALYSIS CONSIDERATION
The accuracy of the analysis depends on how close an actual milling machine can be approximated with proper boundary conditions.
In the present investigation modal analysis of a full-scale knee-type (horizontal) milling machine with certain approximation in shape has been carried out by using FEM. The accuracy of the analysis also depends on the proper selection of Finite-element and its degree of refinement.
The dimensions of the machine are given in Fig. 1 
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for modal analysis. The analysis was performed by using ANSYS software for both taper and straight column type milling machines using plane quadratic isoparametric elements and for five different wall thicknesses (20mm, 30mm, 40mm, 50mm and 60mm) of the machine column that has a hollow box like structure.
Natural frequencies and mode shapes of the milling machine are evaluated for both undamped and damped (ξ = 0.055) conditions. Five modes each for the damped and undamped frequencies are extracted for both straight and taper column type milling machines and for different wall thicknesses of the column. Fig. 3 show the variation of natural frequencies for both types of milling machines and for different wall thicknesses. It is clear from Table-1 that the fundamental frequency of straight column type milling machines with 30mm and 40mm wall thickness is below 500Hz, whereas in taper column type machines the natural frequency is below 500Hz only in case of 20mm wall thickness. This should be avoided since the natural frequency for any element of the milling machine should not be within the range from 16Hz to 500Hz as these machines use multiple point cutters. So additional ribbing is required to increase the rigidity of such low wall thickness machine tool structures. Frequencies corresponding to other wall thicknesses are in the higher region. In these cases the structure is rigid enough to withstand the deformation due to chatter coming out of the cutting forces. Fig. 4 depicts the variation of fundamental frequency for different thicknesses. From this figure it could be predicted that for taper column type milling machines, wall thickness should not be less than 28mm (approx.). But for straight column type machines, wall thickness between 20mm and 42mm is very unsafe. Taper column type machines have higher frequency than straight column type machines. So the dynamic rigidity is more in taper column than in straight column and the dynamic behavior of the taper column is better. These conclusions would help to select the shape of the milling machine column and its wall thickness, keeping in mind the relative merits and demerits. 
RESULTS AND DISCUSSION
Milling machine with straight column
Frequency = 650.55 Hz. 
CONCLUSIONS
In machine tools the excitation frequencies generally appear from rotating shafts, gears and spindles.
They are relatively low in most machine tools. As milling machines use multiple-tooth cutters, their design is most difficult from the point of view of dynamic behavior. Designing such milling machines whose natural frequencies should not lie between 16Hz and 500Hz is a very difficult task. Based on the aforesaid results the following conclusions can be drawn:
1. The dynamic behavior of taper column milling machines is better than that of straight column machines.
2. For taper column milling machine under consideration, wall thickness should not be less than 28mm and for straight column milling machine the wall thickness should not lie between 20mm and 42mm.
3. Additional ribbing is required to increase the rigidity of both types of machines having wall thickness less than 25mm approximately. 
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